The effect of conventional ͑CA͒ and stress annealing ͑SA͒ on magnetic properties of Fe 74 B 13 Si 11 C 2 glass-coated microwires has been studied. CA treatment does not significantly change the character of the hysteresis loop. Under certain annealing conditions ͑annealing temperature, T ann Ͼ300°C, applied stress, Ͼ700 MPa) rectangular hysteresis loop transforms into the inclined with magnetic anisotropy field above 1000 A/m. Such phenomenology has been related to the induction of transverse magnetic anisotropy by SA treatment. Under tensile stress the SA annealed microwire recovers rectangular hysteresis loop. Samples subjected to stress annealing show noticeable magnetoimpedance and stress impedance effects in spite of their large magnetostriction.
I. INTRODUCTION
The ferromagnetic wires obtained by the in-rotatingwater quenching technique ͑diameter of around 120 m͒ attract permanent attention owing to their peculiar magnetization properties, such as so-called magnetic bistability in magnetostrictive compositions 1 or the giant magnetoimpedance ͑GMI͒ effect in nonmagnetostrictive compositions. 2 On the other hand, Taylor-Ulitovsky technology 3, 4 allows one to produce much tinier metallic microwires ͑the metallic nucleus diameter is between 1 and 20 m͒ coated by insulating glass ͑the glass coating thickness is between 1 and 10 m͒. Initially most attention was paid to studies of mechanical and electrical properties of such microwire, 5 while less attention was paid over these years to their magnetic properties. 6, 7 The peculiar magnetic properties found in these tiny glass-coated microwires ͑their magnetic softness, GMI effect and magnetic bistability͒ renewed interest in such microwires. 8, 9 The hysteretic magnetic properties of glass-coated microwires are determined by the value and sign of the magnetostriction constant, s . Thus, Fe-rich compositions with s Ͼ0 exhibit rectangular hysteresis loop, 8, 9 while negative magnetostriction alloy microwires have inclined magnetization curves with low coercivity, H c . 8, 10 Certain efforts have been performed in order to achieve an enhanced magnetic softness in glass coated microwires. 11 It has been found that the compositional range of alloys exhibiting soft magnetic properties is quite narrow. 11 On the other hand, the adequate choosing of the alloy composition, geometric parameters and conditions of annealing can significantly enhance soft magnetic properties and GMI effect ͑up to 600%͒ and also extend the compositional range of alloys with enhanced magnetic softness. [11] [12] [13] [14] In fact, Fe-rich amorphous microwires with rectangular hysteresis loop exhibit rather poor initial magnetic permeability and do not show GMI effect due to the strong longitudinal magnetic anisotropy. Consequently the challenge of this article is to present novel results on tailoring of magnetic properties of Fe-rich microwires by means of induction of transverse magnetic anisotropy.
II. EXPERIMENTAL TECHNIQUE AND RESULTS
Amorphous Fe 74 B 13 Si 11 C 2 microwires with metallic nucleus diameter, dϭ15 m and total diameter, Dϭ22 m were obtained by the Taylor-Ulitovsky technique. [3] [4] [5] [6] [7] 15 The longitudinal M ϪH hysteresis loop of the samples was obtained at room temperature by means of an induction method at 50 Hz. The magnetic field, H, was applied by a Helmholtz coil system producing a maximum field of 5 kA/m. The experimental setup allowed us also to apply tensile strain on the samples, such as described elsewhere.
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Conventional furnace annealing without applied stress ͑CA͒ and under applied tensile stress ͑SA͒ at temperatures, T ann , below crystallization temperature has been performed. It is worth mentioning that for the SA annealing the sample has been first loaded by the stress and then placed in the furnace.
The applied tensile stress within the metallic nucleus and glass shell has been calculated as where kϭE 2 /E 1 , E i are the Young modulus of metal (E 2 ) and glass (E 1 ) at room temperature and P is the applied mechanical load. The impedance, Z, of the microwire was evaluated by means of the four-point technique. The magneto-impedance ratio, ⌬Z/Z H , has been defined as
A maximum dc longitudinal magnetic field, H max , up to 2500 A/m was supplied by a long solenoid. The stress-impedance ratio, ⌬Z/Z , has been defined as
A maximum tensile stress, max , up to 370 MPa was supplied by an attached load. As expected, 17 the hysteresis loop of as-prepared microwire exhibits spontaneous magnetic bistability ͓see Fig.  1͑a͔͒ . Conventional annealing performed at T ann ϭ400°C does not significantly affect the magnetic properties of studied sample ͓see Fig. 1͑b͔͒ : some decrease of H c has been observed while the squared character of the hysteresis loop remains unchanged. On the other hand, SA performed at the same annealing conditions (T ann ϭ400°C) but under applied stress, ϭ458 MPa, results in drastic changes of the hysteresis loop ͓see Fig. 1͑c͔͒ : hysteresis loop becomes inclined with a magnetic anisotropy field about 1000 A/m.
A transverse magnetic anisotropy deduced from the hysteresis loop shape of the sample subjected to SA ͓see Fig.  1͑c͔͒ allows us to predict the existence of the magnetoimpedance effect in such samples. Indeed, if as-prepared samples do not presented any GMI effect, the samples subjected to SA exhibit significant ͑around 12%͒ magnetoimpedance ͑see Fig. 2͒ , having a shape of monotonic decay from Hϭ0 ͑typical for s Ͼ0).
Another important result is that the application of tensile stresses to the samples subjected to the SA treatment results in the recovery of the rectangular hysteresis loop typical for the as-prepared state ͑see Fig. 3͒ .
Consequently, the disappearance of the inclined hysteresis loop under applied stress allows as to predict stress impedance effect, SI, in the sample subjected to SA treatment. Indeed considerable SI effect ͑about 13%͒ has been observed under application of tensile stress ͑see Fig. 4͒ 
III. DISCUSSION
The origin of this creep annealing induced anisotropy can be attributed to both: ͑i͒ redistribution of the residual stresses during the stress annealing or ͑ii͒ induced magnetic anisotropy related to the atomic ordering.
The peculiarity of studied materials is that they have additional source of the internal stresses related with the difference in the thermal expansion coefficients of metallic nucleus and glass coating. 4,8 -11,18 It should be assumed that after the thermal treatment the longitudinal stresses in stress annealed samples become smaller than radial and tangential stresses, i.e., that the stress annealing results in redistribution of the internal stresses and/or local microstructure of the sample in order to minimize the magnetoelastic energy in the stressed state. As a result the easy magnetization axis is aligned along the transverse direction. In this way, the removal of the mechanical load after stress annealing affects mostly the longitudinal stresses and results in drastic decrease of the longitudinal stress component and even in the appearance of the compressive longitudinal stresses ͑so-called ''back stresses''͒.
Observed change of the hysteresis loop of the sample subjected to SA treatment when measured under applied tensile stress ͑Fig. 3͒ confirms such assumption. This effect should be attributed to the increasing of the longitudinal stress component under application of the tensile stress and consequently to the alignment of the easy magnetization axis along the highest stress component due to the positive magnetostriction constant of the studied sample. There is a competition between the magnetoelastic anisotropy induced by the applied stress ͑with a longitudinal easy axis͒ and the transverse anisotropy induced by the stress annealing. Upon overcoming the transverse anisotropy related to creep induced anisotropy the longitudinal axis becomes easy magnetization axis again and magnetic bistability recovers.
Theoretical and experimental studies showed that the longitudinal stress components are generally larger than tangential or radial. 10, 12, 18, 19 The magnetic domain structure of the glass-coated microwire depends on the magnetoelastic energy ͑roughly proportional to the s i , where i is the internal stress͒, magnetostatic energy and exchange energy.
In the case of the rectangular hysteresis loop the coercivity should be proportional to the energy required to form the domain wall ␥ involved in the bistable magnetization process. The domain wall energy related to the magnetoelastic anisotropy and then to the applied tensile stress is given by 20
where ␣ is the angle between magnetization and longitudinal direction, A is the exchange energy constant and r is the residual tensile stress. Consequently, H c must be proportional to a 1/2 for a larger than r and cos ␣Ϸ1. On the other hand, internal stress relaxation ͑decreasing of r ) due to conventional heat treatment originates some decrease of the coercivity.
In the most simple approximation 4, 7, 19 the strength of the internal stresses ͑longitudinal, z , radial, r , and tangential, , components͒ depends on the volume of the glass coating and metallic nucleus as follows:
where
Ϫa 2 ) (T*ϪT), T*-solidification temperature of the composite wire ͑i.e., when both metallic nucleus and glass coating solidify͒, T-room temperature, kϭE 2 /E 1 ϭ0.3Ϫ0.6, a 1 and a 2 -thermal expansion coefficients of the glass and the metal, respectively. Similar to as was described for creep anisotropies related with short term atomic ordering in the other kind of amorphous materials with positive S , 21, 22 transverse magnetic anisotropy has been induced in the present case. Observed effect is clearly related with a stress induced magnetic anisotropy. In this way, ''plastic'' and ''anelastic'' ordering 22 can be considered for the explanation of observed phenomenology. To justify the observed phenomenology, it seems reasonable to assume that creep induced anisotropy overcomes the intrinsic magnetoelastic anisotropy. The alternative origin of the induced magnetic anisotropy related to the pair ordering mechanism is assumed to be less probable since observed phenomenon is clearly related with the stress applied during the heat treatment and because only one transition metal is presented in the alloy composition.
Finally, observed GMI and stress-impedance effects should be attributed to the induction of transverse magnetic anisotropy.
IV. CONCLUSIONS
Concluding, stress annealing of Fe 74 B 13 Si 11 C 2 glasscoated microwire results in transformation of the initially rectangular hysteresis loop to the inclined hysteresis loop. GMI effect and stress-impedance effect are observed in such stress annealed samples. Application of tensile stresses in the samples subjected to the SA treatment results in the appearance of the rectangular hysteresis loop typical for the asprepared state.
The appearance of such hysteresis loop is explained by the creep induced magnetic anisotropy and/or redistribution of the internal stresses arising from the difference of the thermal expansion coefficients of the metal and glass during SA during such stress annealing.
